The strategic metal indium is recovered from solutions containing tin and lead that are typical of those obtained from leach solutions of metal component fractions of electronic waste including the leach solutions from indium tin oxide thin film conductive layers that contain only indium and tin. Almost total recovery of the metals can be achieved from nitric, perchloric and acetic acid leach solutions using a novel cylindrical mesh electrode electrolysis cell under appropriate conditions. The optimum separation of indium from tin and lead is achieved by a novel three- 
In the third stage indium is recovered at the anode of the cylindrical mesh electrode cell as an oxy-hydroxide phase by increasing the SCN -concentration to 0.1 mol L -1 and carrying out the electrolysis for a period of 24 h to give a residual solution containing 1 mg L -1 of indium (98% recovery).
Introduction
Indium is an essential material in industry and is important in modern economies, but increasing consumption of the metal, particularly in electronics, has led to it being identified as a critical metal subject to available supply risks [1] [2] [3] . Methodologies that consider factors such as supply risk, environmental implications and vulnerability to supply restriction have been devised to determine metal criticality [4, 5] and indium has been listed as near-critical in the short-term in a
United States Department of Energy Report (2011) on Critical Materials Strategy [6] . Mitigation of these supply risks is limited because substitution of the metal is possible for only a few applications and because recycling of indium is currently restricted to only a few manufacturing residues [7] .
The major use of indium is in the electronics and photovoltaics industries. Almost 70% of the annual supply of the metal is used in the production of transparent conductive indium tin oxide (ITO) films, with an In2O3:SnO2 mass ratio of approximately 9:1 [8] , used in electrical and electronic devices. The mean indium content of these thin films is between 450 and 870 mg m -2 [9] . Indium can also be found in copper-indium-gallium-selenide/sulfide (CIGS) thin film photovoltaics in solar cells. The use of these materials in the solar cell market, however, is diminishing and the total use of these materials, along with cadmium telluride, had dropped to less than 8% of the photovoltaics used in 2012 [10] . In addition to the use of indium in thin films, very low percentages of indium are present along with lead in tin metal and tin ore residues including, for example, most solders used in electronic equipment.
Difficulties in the development of recycle methodologies for the recovery of indium from secondary and low grade primary sources arise from: (i) leaching of the metal from waste and low grade primary sources and particularly ITO residues generally results in solutions containing the critical metal in very dilute solution (<50 mg/L) and /or (ii) the presence of other metals such tin, lead and zinc. Processes have been developed to recover indium along with other metals such as copper, tin, gallium and lead from secondary sources such as alloy scraps [11] , solar cells [12] , etching solutions [13] , hydrometallurgical leach solutions [14] and waste electrical and electronic equipment (WEEE), including LCD screens [15] [16] [17] . Recovery methodologies tend to be based on a combination of steps usually involving leaching or occasionally high temperature chlorination [12] followed by additional processes that include chemical precipitation [14] [15] [16] , solvent extraction [13] cementation [18] or electro-recovery [11, 19] . Jiang et al. [20] , for example, recovered about 95% of the indium from a typical mineral leach solution containing about 60 mg L -1 indium as a phosphate precipitate (NaIn3(P3O10)2·12H2O) containing impurity metals that were removed in the following treatment steps: (i) NaOH leaching, (ii) hot H2SO4 treatment, (iii) extraction by D2EHPA, and (iv) cementation of In metal with zinc powder.
Indium has also been obtained as part of tin and lead recovery processes that included a step of cementing indium sponge from a final leach solution with aluminium or zinc [21] . A multi-step chemical process for the recovery and separation of indium, tin and lead from scrap wire has been reported [11] that involved acid/alkali leaching, followed by cementation of lead with indium powder and the precipitation of tin, as tin oxide, with indium being recovered from the final solution by precipitation as a phosphate or by cementation of a metallic indium sponge with Zn powder.
A number of methods of obtaining solutions of indium tin oxide films have been described including chloride volatilisation [22, 23] , alkali leaching with molten NaOH [24] and sodium hydroxide solutions [25] , acid leaching, using for example HCl, HNO3, H2SO4 and HF [26] [27] [28] [29] [30] [31] , assisted in some cases by physical methods such as high energy ball-milling [29] , microwaveassisted digestion [30] and cross-current leaching [31] . Recovery of indium leached into solution by these methods is achieved through cementation with a metal such as Zn to give indium sponge [24, 26, 28, 31] ; precipitation as an indium hydroxide phase [25, 29] ; and concentration in solution by solvent extraction using standard procedures [27] or as part of a mechanochemical extraction of indium from LCD glass with aminopolycarbonates [30] .
The use of electrodeposition in recovering and recycling metals including indium is well established [18, [32] [33] [34] [35] but the efficiency of the separation and recovery of the metals can be affected by the presence of other species in the electrolyte. The electrochemical recovery of indium in particular is strongly influenced by the composition of the electrolyte, the indium concentration in the electrolyte, and the presence of complexing agents [15, 16, 36, 37] . For example, indium deposition is about 10 5 times faster from solutions in which the basic ion [In(H2O)5OH] 2+ predominates than it is from acidic solutions in perchloric acid where the indium is present as In(H2O) [38] . In earlier work [39, 40] the authors have described the development of electrochemical cells designed to monitor trace levels of metals, to recover metals from dilute solution [41] , to separate cobalt and nickel [42] , and to simultaneously remove metals and degrade organic contaminants in effluent streams [43] [44] [45] .
We now report on the use of a novel electrolysis system for the recovery and separation of indium, tin and lead from very dilute solutions that would model the concentrations of indium contained in solutions that are typical of many leaching processes used in treatment of electronic wastes to recover indium from components such as indium tin oxide thin films.
Experimental Section

Materials and Methods
Chemicals used were of reagent grade or higher obtained from Merck and Fluka and used without further purification. Reagent grade indium(III) chloride, tin(II) chloride dihydrate and lead(II) nitrate were used to prepare metal solutions containing 50 mg L -1 each of In, Sn and Pb in acetic, nitric and perchloric acids for use as electrolytes in studies on the separation and recovery of the metals from solutions of different acid strengths.
The Cylindrical Mesh Electrode Electrolysis Cell
Electrochemical recovery and separation of the metals was performed in batch experiments using a cylindrical mesh electrode electrolysis cell ( Figure 1 ) designed to maximise recovery of metals from dilute solution. The cell was developed from one used in earlier work to achieve simultaneous recovery of metals and destruction of organic components from dilute solution [43] [44] [45] [46] . It consists of a Pyrex vessel (with an outer diameter 16 cm and height 30 cm) containing
two acid-resistant cylindrical titanium mesh anodes (diameters 3.8 cm and 10.6 cm, and height 21 cm) coated with iridium oxide, on either side of a cylindrical mild steel mesh cathode (diameter 7.8 cm, height 21 cm). In the sequence, anode-cathode-anode, the gaps between the inner anode and the cathode and between the cathode and the outer anode are 2 cm and 1.4 cm respectively. Mesh electrodes are used to improve electrodeposition by providing a large cathode surface area (0.109 m 2 ) and by reducing the effective diffusion barrier at the electrodes [47] . All experiments were performed at a constant cathodic current density of 13.7 A m -2 (1.5 A) and at ambient temperature.
During the electrolysis in the cylindrical mesh electrode cell, electrolyte samples were collected every hour over a period of 8 h (or for 24 h, when stated) for analysis of residual metal ions by flame atomic absorption spectrometry using a Perkin Elmer 2380 spectrometer. Recovery was assumed to be complete when the residual ion concentration of the metals was below the detection limit of the spectrometer.
X-ray diffraction data were obtained using a Rigaku ULTIMA IV diffractometer with Cu Kα radiation. 
Separation and recovery of indium from single, binary and tertiary metal solutions
To determine the conditions under which indium can be separated and recovered from tin and lead in dilute leach solutions, the following studies were carried out.
Effect of the presence of tin and lead on indium separation and recovery
The effect of the presence of tin and lead on the separation and removal of indium from solutions Table 1 .
Effect of acid strength on metal separation and recovery
The effects of the choice of acid leach solution in different concentrations using nitric and Table 2 .
Effect of thiocyanate ions on metal separation and recovery
Although 
Results and Discussion
The data in Tables 1-3 
Conclusion
An electrolysis cell containing cylindrical mesh electrodes developed to maximise the recovery of metals from dilute solutions is used to maximise the recovery of indium, tin, and lead from acid leach media under appropriate conditions. The design of the cylindrical mesh electrodes used in the cell reduces the effective diffusion barrier at the electrodes and maximises both the deposition of tin and lead on the cathode and of an indium hydroxide phase on the anode. The greater deposition efficiencies achieved in the cell permits its use in the removal of metals from very dilute solutions leaving very low levels of residual metals in solution to be dealt with on disposal of any spent electrolytes. In particular the recovery and separation of the critical metal, indium from dilute leach solutions using the cell can be achieved by careful control of the acidity of the solution and of the concentration of the complexing ion (SCN -) in the electrolyte. Any commercial process based on this technology would achieve the recovery of indium, with minimal losses of the critical material, separated from the tin present in the leach solution that is recovered in a separate stage of the process as a cathodic deposit of the metal.
